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WHEREAS the ionic sensitivity of mechanoreceptor activity has been described for such receptors as the crayfish stretch receptor (Edwards et al., 1963) , frog cutaneous receptor (Talaat, 1933) , and the frog muscle spindle (Ottoson, 1964; Ottoson, 1965) , few studies have been reported for the arterial baroreceptors. This is in spite of a short report in 1951 by El Banna et al., in which they showed that the magnitude of the reflex fall in the blood pressure induced by raising carotid sinus pressure was altered by carotid perfusion with potassiumfree or calcium-free solutions. Recently, Saum et al. (1977) have shown that baroreceptors in the isolated aortic arch are sensitive to the concentration of sodium and potassium in the perfusate. The threshold response to increasing aortic pressure is raised by lowering sodium, whereas the sensitivity of the response is reduced. Increasing extracellular potassium has the opposite effect.
In examining the consequence of baroreceptor sodium sensitivity on the systemic reflex response, we demonstrated that a decrease in sodium concentration of the perfusate of the isolated carotid sinus as small as 5% (7 mM) of normal (145 mM) reduces the control which the baroreceptors exert on the systemic blood pressure (Kunze et al., 1977; Kunze and Brown, 1978) . This is shown by the decrease in the reflex systemic pressure response to step increases in carotid sinus pressure when the carotid sinus is perfused with the lowered sodium. There is, then, a reduction in the slope of the characteristic blood pressure response curve to increases in carotid sinus pressure. In addition, the threshold carotid pressure, which elicits a systemic blood pressure response, is increased as sodium is lowered. This reduction in sodium (from 145 to 138 DIM) is well within the range of variation known to occur in humans. VOL. 45, No. 6, DECEMBER 1979 The present report shows that decreasing the calcium or magnesium concentrations of the perfusate of the isolated carotid sinus decreases the value of carotid sinus pressure necessary for the reflex activation of the blood pressure response. Increasing calcium or magnesium increases the threshold for the carotid sinus pressure response. Lowering calcium also counteracts the depressing effect on threshold of lowering sodium, whereas raising calcium at a lowered sodium further depresses the response. The possible mechanisms for the effects of calcium, magnesium, and sodium on the baroreceptor response are discussed.
Methods
Cats of either sex, weighing 2.5-4.5 kg, were anesthetized with a mixture of chloralose (J. T. Baker Chemical Co.), 50 mgAg, and urethane (Matheson, Coleman, and Bell), 200 mg/kg, injected intraperitoneally. One carotid sinus nerve and the cervical vagi including the depressor nerves were cut bilaterally. The carotid sinus innervated by the intact sinus nerve was isolated by tying all the entering and exiting vessels. This sinus was perfused via the cannulated common carotid artery coupled to a constant flow pump (Holter, Inc.), which was connected to a reservoir containing Krebs-Henseleit solution gassed with 95% O 2 and 5% CO 2 and heated to 37°C. The perfusate was collected from the external carotid artery and discarded. Pressure in the perfusion circuit was nonpulsatile and was measured with a Statham P23Db strain gauge manometer. The control perfusate solution contained in mM: Na + , 145; K + , 6.0; Mg 2 *, 1.2; Ca 2+ , 1.1; Cl", 127; HCO 3 ", 25; H 2 P0r, 1.2; SO/ 2 ", 1.2; and dextran, 5.5. Solutions containing 0.0% and 50% of control concentrations of calcium or magnesium were prepared by decreasing the concentration of the salt by the appropriate amount. An osmotically equivalent amount of sucrose was used for replacement in half the experiments, and no replacement was made in the other half. There was no difference in response between the two. No Ca 2+ -binding agent, such as EDTA or EGTA, was added. Calcium and magnesium concentrations were increased to two or three times control by the addition of the appropriate amount of MgCl 2 or CaCl 2 . To test osmotic effects, a comparison was made between responses induced by the solution containing the increased concentration of either cation and one to which an osmotically equivalent amount of sucrose was added to the control solution. Sodium was lowered to 75%, 87.5%, or 95% of its control value by substitution with Tris-Cl or sucrose. Systemic arterial pressure was measured with a Statham P23Db strain gauge manometer connected to a catheter in the femoral artery. Respiration was spontaneous with end-tidal CO 2 monitored, using a Beckman CO 2 analyzer.
Threshold for the reflex arterial pressure response to changes in carotid sinus pressure was measured in the following way. From a carotid sinus pressure of 30 or 60 mm Hg, an increase in sinus pressure at a rate of 3.8 mm Hg/sec was applied by superimposition of a ramp wave on the DC perfusion pressure, using an electrodynamic vibrator (Ling) driven by a Tektronix waveform generator. The carotid pressure at which systemic arterial pressure began to fall was considered the threshold. The same ramp rate was used for all changes in perfusate composition. Rate dependence of the threshold response was not determined. The sensitivity of the response was tested by increasing carotid sinus pressure in 30 mm Hg steps from 30 or 60 mm Hg and observing the maximum response for each step increasing through 240 or, in some cases, 400 mm Hg. The carotid pressure was returned to the initial value (30 or 60 mm Hg) between step increases. The experiment was continued only as long as the systemic pressure returned to the same value when carotid sinus input was subthreshold. For each carotid sinus pressure step, the percent change from the control arterial pressure (at 30 or 60 mm Hg) was calculated and plotted against the carotid sinus pressure. To examine whether the sensitivity of the carotid reflex response was altered by changes in calcium, the slope of the central portion of the sigmoidal blood pressure response curve was determined by fitting a straight line, using least squares fit, through the portion of the curve that included the two points on either side of 50% of the maximum response. The slope of the line fit to the response obtained with the test solution was compared to the slope of the line fit to the response obtained with the control solution. The percentage increase or decrease in the slope from the control was calculated for each test solution. The mean value ± SEM for each test calcium or magnesium concentration was calculated from the data of all the experiments. An analysis of variance of the threshold response (mm Hg) at the various ionic concentrations was performed. The Scheffe method was used for an a posteriori comparison of the means to examine the significance of the differences in threshold in the test solutions as compared to the control solutions. Analysis of variance also was performed on the slope data, using the actual values of the slopes. The Scheffe test was used to identify the ionic concentrations effective in altering the slope.
The carotid chemoreceptors were not active in the perfused sinus preparation. This was determined by recording from branches of the carotid sinus nerve during perfusion with solutions containing the various concentrations of calcium, magnesium, or sodium used in the experimental protocol. The chemoreceptor fibers could be activated by perfusion with solution equilibrated with 95% N 2 / 5% CO 2 , but their response to altering calcium or magnesium while perfusing with 95% N 2 was not studied.
Results

Calcium
Effect on Threshold
The calcium concentration of the carotid perfusate was varied between 0.0 mM and 3.3 HIM. The response of the preparation to increases in carotid sinus pressure was reproducible approximately 10 minutes after a change in calcium. At each calcium concentration the carotid pressure was raised at a rate of 3.8 mm Hg/sec from 30 or 60 mm Hg. The threshold obtained does not represent the actual threshold because it does not take into account the latency of the reflex pathway. The percent (%) decrease or increase in the threshold response in five cats at each value of [Ca 2+ ] as compared to a control measurement at 1.1 mM Ca 2+ is plotted in Figure 1 . The mean threshold response in 1.1 mM Ca 2+ was 91 ± 5.9 mm Hg. The threshold response always was decreased as external calcium was decreased and always was increased as calcium was increased. There was a significant decrease in threshold of 21 ± 0.7% in zero calcium (P < 0.01) and of 13 ± 0.8% in 0.55 mM Ca 2+ (P < 0.01); there was an increase of 16 ± 0.8% in 2.2 mM Ca 2+ (P < 0.01) and of 27 ± 1.8% in 3.3 mM Ca 2+ (P < 0.01).
Effect on Blood Pressure Response Curves
Before each test, the carotid sinus pressure was held at 30 or 60 mm Hg, whichever was subthreshold for the carotid sinus response, until systemic mM FIGURE 1 The threshold effects of varying the perfusate concentration of calcium or magnesium are shown as a percentage change from the threshold for the carotid blood pressure reflex in 1.1 mM Ca 1 * and 12 mM Mg* + . Error bars denote mean ± SEM. pressure was constant. The sinus was exposed to the series of step-changes in pressure in control solution (1.1 mM Ca 2+ ) and 0.55, 2.2, 3.3, and 0.0 mM Ca 2+ . After each change in calcium, the perfusate was returned to control and another blood pressure response curve was obtained. Only experiments in which the control responses were the same before and after the test solution were continued. The preparations generally gave reproducible blood pressure response curves in control perfusate for periods of 4-6 hours. In these preparations, the cats' prevailing pressure when carotid pressure was 60 mm Hg or less (subthreshold) was the same throughout the 4-6 hours. The mean systemic pressure when the carotid sinus pressure was subthreshold for all the cats was 120 mm Hg ± 3.7 (110-143 mm Hg). It was not possible to study all test Ca 2+ concentrations in each cat. Figure 2 shows two sets of curves from two different cats in which [Ca 2+ ] was raised to 2.2 or 3.3 mM and lowered to zero. The effect of Ca 2+ on threshold for the reflex blood pressure response again can be seen as the curve is shifted to the right as [Ca 2+ ] is raised and to the left as it is lowered. In some cats, the maximum decrease in blood pressure achievable was the same regardless of the concentration of calcium in the perfusate, whereas in other experiments the maximum value was reduced as calcium was raised and increased as calcium was lowered (Fig. 2) . The slope of the linear portion of blood pressure response curve was compared for each change in calcium (0.0, 0.55, 2.2, and 3.3 mM) to the slope during the control (1.1 mM) period before and after the test solution. The percent shift in the slope was determined. From a total of 11 cats, the effects of zero calcium were examined in six, 0.55 mM in five, 2.2 mM in eight, and 3.3 mM in six. There was no significant difference between the control slope and that obtained by increasing calcium to 2.2 mM (slope reduced by 0.38 ± 0.87%), whereas the slope in 3.3 mM was 16.89 ± 2.89% lower than control. This latter was significant at P < 0.01. There was an increase in slope at 0.0 Ca 2+ of 3.62 ± 0.85% which was not significant. In 0.55 mM Ca 2+ , the slope was increased by 0.24 ± 0.82% which also was not significant (see Fig. 3 ).
Magnesium
Effect on Threshold
Experiments similar to those just described were performed on five cats while altering magnesium concentrations of the carotid perfusate. Magnesium was altered between 0.0 and 3.6 mM, and the threshold response to a ramp increase (3.8 mm Hg/sec) in pressure was recorded. The percent change from the control threshold is plotted in Figure 1 . The mean threshold in control magnesium concentration (1.2 mM) was 89 ± 5.7 mm Hg. The threshold increased as magnesium concentration was in- creased and decreased as magnesium was lowered. The threshold response was significantly reduced by 16.5 ± 1.11% in zero magnesium (P < 0.01) and by 10 ± 2.59% (P < 0.05) in 0.6 mM Mg 2 *. Threshold was increased by 11.6 ± 2.45% in 3.6 HIM Mg 2+ (P < 0.01).
Effect on Blood Pressure Response Curve
Curves relating the systemic arterial pressure response to increases in carotid pressure were plot- ted for carotid perfusate magnesium values of 0.0, 1.2, and 2.4 or 3.6 mM for two different cats (Fig. 4) . The percent change in the systemic pressure from that at a carotid pressure of 30 or 60 mm Hg is 
FIGURE 4
The blood pressure responses as magnesium is lowered to 0.0 mM or raised to 2.4 or 3.6 mM Mg 1 * are shown as a percent change from the mean systemic pressure prevailing when carotid sinus pressure is subthreshold for the carotid reflex.
plotted over a range of sinus pressures for each of the magnesium concentrations. When the linear portion of the pressure response curves was compared using data from 10 cats, there was no significant change in the slope of the blood pressure response curves as magnesium was altered (Fig. 3) . The slope of the linear portion of the pressure response curve as magnesium was altered increased from control in 0.0 mM Mg 2 " 1 " by 1.39 ± 1.00% (n = 7), in 0.6 mM Mg 2 * by 1.18 ± 0.78% (n = 5), and was decreased by 1.72 ± 1.10% (n = 5) in 3.6 mM Mg 2+ The maximum response obtainable by increased carotid pressure was variable from cat to cat as it was in the study of calcium effects.
Calcium and Sodium Sensitivity
Earlier studies showed that reducing perfusate sodium concentration reduced the sensitivity and increased the threshold for the blood pressure response curve Kunze et al., 1977) .
To determine whether the effects of calcium and sodium were additive, the effect on threshold of raising and lowering calcium in the presence of varying concentrations of sodium was examined. In six cats, the effects of calcium concentration on the depression of the carotid reflex produced by lowering sodium to three-fourths of control were tested. Figure 5 shows that when calcium was increased to 3 times control value in the presence of % Na + , the threshold of the reflex response was further depressed as is seen by a further shift of the % Na + curve to the right as calcium is increased simultaneously. Figure 6 shows the result of decreasing sodium to three-fourths of the control value (from 145 to 109 mM) while decreasing calcium to zero mM. The shift in threshold produced by lowering sodium is compensated by reducing calcium as is seen by a shift of the % Na + curve back to the left when calcium is decreased simultaneously. The effects on threshold of simultaneous alterations in sodium and calcium concentration are illustrated in Figure 7 , where calcium is altered through a range of 0.0 to 3.3 mM as sodium is held constant at 145, 138, 127, or 109 mM. At any of the tested calcium concentrations, lowering sodium from control to 127 or 109 mM significantly raised the threshold (P < 0.01). Lowering sodium to 138 mM caused a significant increase (P < 0.05) in threshold when calcium was held at 0.55, 1.1, or 2.2 mM.
Discussion
The reflex blood pressure response produced by increases in carotid sinus pressure is influenced by FIGURE 7 The effect on the threshold of the blood pressure response curve is shown for variations in calcium from 0.0 to 3.3 mM at sodium concentrations of 145, 138, 127, and 109 mM. Error bars denote mean ± 1 SEM. VOL. 45, No. 6, DECEMBER 1979 the concentration of calcium or magnesium in the carotid perfusate. Calcium in the control perfusate is approximately that of the ionized calcium activity in the plasma (1.1-1.25 HIM). A number of measurements of calcium from patients of various diseased states indicates that ionized calcium may vary from 0.75 to 2.0 mi) (Laderson and Hand Bowers, 1974; Edmondson and Ting, 1976) . The data presented in this paper suggest that the threshold for the carotid sinus reflex control of pressure may be altered in these patients presenting abnormal plasma calcium activity.
The effect of calcium or magnesium appears to be one of primarily altering threshold. This response might be due to effects on (1) receptor generator potential, (2) receptor axon, (3) vascular wall-receptor coupling process, and (4) smooth muscle of arterial wall surrounding receptor ending. With regard to possibilities 1 and 2, precedents for actions of calcium and magnesium on axons and mechanoreceptors exist. Several other types of mechanoreceptors, in which it is possible to record the generator potential of the receptor ending, have been studied for their response to calcium and magnesium. Calcium has been shown to affect spike discharge through two different mechanisms. It may be part of the current carried during production of the generator potential which depolarizes the membrane leading to spike initiation. In this case, in accordance with the gradient for calcium movement, lowering calcium would reduce the generator potential (thus reducing spike discharge), whereas raising calcium would increase the generator potential, thus raising spike discharge. A second mechanism has opposite effects on spike discharge. An increase in calcium activity increases the threshold for spike initiation (thus reducing spike discharge at a given pressure), whereas decreased calcium decreases the threshold. Edwards et al. (1963) recorded from the cell body of the crayfish stretch receptor ending and observed its response to stretch as the calcium content of the external medium was altered. A 5-fold increase in calcium did not affect the membrane potential nor did it alter the generator potential, although there was a reduction in the frequency of spike discharge for a given stretch. This they attributed to an effect of calcium on the spike initiation zones. Ottoson (1964) reported a decline in both the static and dynamic components of the generator potential of the frog muscle spindle when perfused in calciumfree solution. During the same period, there was, nevertheless, an enhanced sensitivity to stretch in the form of increased spike discharge. This suggests that the threshold for spike initiation was lowered so that, in spite of a decreased generator potential, the spike discharge increased. When [Ca 2+ ] o was increased 2.5-10 times, there was a decrease in the sensitivity to stretch. Magnesium in concentrations 2-3 times higher than Ca had an action similar to that of calcium. Frankenhauser (1957) has shown in myelinated nerve fiber that the threshold is shifted similarly.
The effects observed in the experiments here are consistent with a change in threshold at the spikeinitiating zone of the axon or the axon itself. However, effects on the tension of smooth muscle that might alter stretch on the receptor endings cannot be ruled out.
The fact that, at different calcium concentrations, the maximum value of the blood pressure response is variable among preparations may reflect a combination of the number of baroreceptor fibers that are responding at the higher pressures and the central responsiveness of the particular preparation to this input. Studies of discharge of populations of baroreceptor fibers in response to changes in calcium and magnesium might provide information on this point.
The effects on threshold of the reflex response when calcium is altered at a lowered sodium concentration can be explained as follows. Saum et al. (1977) have proposed that a reduction in sodium reduces baroreceptor threshold and sensitivity by decreasing the receptor potential which is, at least in part, the result of an increase in sodium permeability. It then would be expected that the combination of raising calcium (thus raising the threshold for spike initiation) while decreasing sodium (thus reducing the amplitude of the receptor potential) would produce the markedly attenuated reflex blood pressure threshold response seen in the present study. On the other hand, reducing calcium would reduce the threshold compensating for the reduced amplitude of the receptor potential in lowered sodium.
The carotid sinus reflex is particularly valuable in buffering large fluctuations in blood pressure that would otherwise result from daily activities. The data presented here show that both calcium and magnesium, as well as sodium, influence the effectiveness of baroreceptor control of pressure.
Source of the Cholesterol Ester Accumulated in Monkey Arterial Smooth Muscle Cells Grown in Hyperlipemic Serum
SANDRA R. BATES SUMMARY I studied various sources of cellular cholesterol ester to determine the origin of the esters that accumulated in monkey smooth muscle cells exposed to hyperlipemic serum. The movement of free cholesterol between the serum and the cells and its esterification by the smooth muscle cells were followed by means of a double-label procedure. Both uptake and efflux of free cholesterol were nearly linear over a 40-hour period. Approximately one-third of the total cellular cholesterol ester was derived from the esterification of free cholesterol taken up from the hyperlipemic serum in the medium, and one-third originated from the esterification of the free cholesterol present in the cells at zero time. Cholesterol esters of the hyperlipemic serum accounted for the major portion of the final third. The contribution to cellular cholesterol ester by cholesterol synthesized de novo by the cells was minimal. Maximal cellular cholesterol ester levels were achieved in the smooth muscle cells after 2 days of incubation in hyperlipemic serum, and additional repeated exposures to this serum produced little further ester accumulation. The results suggest that cellular esterification of free cholesterol may be of major importance to the increase in the cholesterol ester content of arterial cells exposed to hyperlipemic serum, since this process provided at least 60% of the total cholesterol esters accumulated. Circ Res 45: [821] [822] [823] [824] [825] [826] [827] [828] 1979 SEVERAL recent studies in which smooth muscle cells were grown in tissue culture have shown that exposure to hyperlipemic serum results in a cellular accumulation of cholesterol esters (Bates and Wis sler, 1976; Chen and Fischer-Dzoga, 1977; St. Clair et al., 1977; Rothblat et al., 1976; Mahley et al., 1977; Pearson, 1976) . These results are qualitatively similar to those seen in the normal aorta when exposed to hyperlipemic serum in vitro using organ cultures (St. Clair and Harpold, 1975) or in vivo by dietary manipulations (Vesselinovitch et al., 1976; Armstrong and Megan, 1972) . Various mechanisms that could contribute to an increase in cholesterol ester concentration in individual cells or in the whole aorta have been analyzed. Although arterial sterol synthesis has been documented, the contribution of this process to the total aortic cholesterol
